. In this experimental paradigm, as well as during the period of developmental cell death, motor neuron survival is modulated by BCL2. Murine facial motor neurons overexpressing BCL2 survived the period of naturally occurring neuronal death in larger numbers than control neurons and resisted degeneration after disconnection from their source of trophic support after axotomy (Dubois-Dauphin et al., 1994) . Likewise, spinal motor neurons were partially protected from both insults by elevated levels of BCL2 (Farlie et al., 1995) . These gain-of-function studies with Bcl2 family members have documented that the common pathway of programmed cell death is involved in these neuronal deaths.
Because of the capacity for multiple interactions among BCL2 family members, overexpression studies cannot assure the singular importance of a particular member. The role of the death-repressing proteins BCLx L and BCL2 in neuronal development has been examined in mice in which these genes were inactivated by targeted deletion. These loss-of-function studies identified BCLx L as a critical positive regulator of neuronal survival at early developmental stages for sensory neurons and CNS neurons that were differentiating after having migrated out of the ventricular mitotic zone (Motoyama et al., 1995) . Mice deficient in Bcl2, however, showed few overt developmental neuronal abnormalities, suggesting that BCL2 plays less of a role in the development of the nervous system (Veis et al., 1993; Nakayama et al., 1994; Kamada et al., 1995) . No studies to date have addressed whether death-promoting BCL2 family members critically regulate survival of neurons.
In this study, we utilize Bax-deficient (Bax Ϫ/Ϫ) mice, the first knockout of a death-promoting family member (Knudson et al., 1995) , to assess the role of BAX in dence on Target-Derived Neurotrophic Factors neuronal cell death. Bax Ϫ/Ϫ mice display hyperplasia of (A) Darkfield photomicrograph of a parasagittal section through selected non-neuronal lineages, including lymphocytes brainstem and neck of a newborn wild-type mouse demonstrates and ovarian granulosa cells, and demonstrate an unBax expression in the sympathetic SCG (asterisk), the ventral pons usual testicular degeneration. Yet, the Bax Ϫ/Ϫ lymphoat the level of the trigeminal motor nucleus (large arrowheads), and cytes had no definable altered resistance to several the external germinal layer of the cerebellum (small arrowheads). death stimuli (Knudson et al., 1995) . In contrast, we find 
NGF for survival and that neonatal motor neurons sur-
The large neurons with abundant eosinophilic cytoplasm (arrows) vive disconnection from their targets by axotomy. The are motor neurons. Silver grains are present over motor neurons trophic factor-independent neurons show reduced neubut not over the surrounding glia. Scale bar, 25 m.
rite outgrowth and have atrophic somas. Yet, they respond to addition of trophic factor with enhanced neuneuronal populations are susceptible to growth factor rite outgrowth and soma hypertrophy. Furthermore, deprivation. Besides being expressed in these two neudevelopmental sympathetic and motor neuronal death ronal types, Bax expression is also prominent in the is reduced in Bax Ϫ/Ϫ mice. Thus, BAX is required for pons at the level of the trigeminal motor nucleus and in neuronal death after deprivation of neurotrophic factors.
the external germinal layer of the developing cerebellum (Figure 1 ), among others, suggesting functions in the CNS beyond motor neurons. Results
Bax mRNA Levels Are High in Sympathetic
Survival of Bax Ϫ/Ϫ Sympathetic Neurons Is Trophic Factor-Independent and Facial Motor Neurons BAX is expressed in a temporal and spatial pattern com-
The role of BAX in neuronal death by trophic factor deprivation was examined in a severe experimental patible with it having a role in regulating neuronal survival during development. Wild-type (Bax ϩ/ϩ) neonatal model. Neonatal sympathetic neurons from SCGs of Bax Ϫ/Ϫ, Bax ϩ/Ϫ, and Bax ϩ/ϩ mice were enzymatically sympathetic superior cervical ganglion (SCG) neurons ( Figure 1A , asterisk) and facial motor neurons (Figure and mechanically dissociated into single cells, and plated on collagen in medium containing neutralizing 1B, arrows) express Bax mRNA at a time when these (A) Survival of freshly plated wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and Bax-deficient (Ϫ/Ϫ) sympathetic neurons exposed to anti-NGF antiserum for 2 or 6 days followed by exposure to NGF for 9 days. The number of neurons was normalized to the mean number of living neurons in cultures from the same animal maintained with NGF for 13 days (1000-4600 neurons) and is indicated on the ordinate. Only Bax Ϫ/Ϫ neurons survive plating in the absence of NGF. (B) Soma diameters of NGF-maintained and NGF-deprived Bax Ϫ/Ϫ sympathetic neurons. Sympathetic neurons plated in the absence of NGF for 10 days (A10, n ϭ 41) have smaller somas than neurons maintained in NGF for 10 days (N10, n ϭ 35), and somas enlarge when exposed to NGF for 9 days following the period of NGF deprivation (A10N9, n ϭ 43). The difference in soma size between A10 and the other two conditions is statistically significant (* p < 0.0001, two-sided Mann Whitney U test). (C) Survival of Bax Ϫ/Ϫ, Bax ϩ/Ϫ, and wildtype sympathetic neurons cultured for 7 days in the presence of NGF and thereafter deprived of NGF for 35 hr to 23 days as indicated on the abscissa. Survival after 35 hr and 8 days is normalized to the survival of NGFmaintained 8-day-old cultures from the same animal. Survival after 7, 14, and 23 days is normalized to the survival in NGF-maintained 13-day-old cultures from the same animal. The NGFmaintained cultures contain between 1400 and 4700 neurons. Bax Ϫ/Ϫ neurons survive in the absence of NGF while Bax-expressing neurons die rapidly and show a distinct Bax gene dosage effect. (D) Soma diameters of Bax Ϫ/Ϫ sympathetic neurons maintained by NGF for 7 (N7), 15 (N15), or 23 (N23) days, plated in the presence of NGF for 7 days and followed by 8 days of NGF deprivation (N7A8), or treated as N7A8 and then switched back to NGF for 8 days (N7A8N8). NGF deprivation (N7A8) induces soma atrophy, which is reversed upon readdition of NGF (N7A8N8) (mean Ϯ SD, * p < 0.0001 compared with all other conditions, two-sided Mann Whitney U test). A total number of 16, 29, 25, 33, and 38 somas was measured for conditions N7, N15, N23, N7A8, and N7A8N8, respectively.
anti-NGF antibodies. Neonatal SCG neurons are norwere only about half the diameter after 10 days of NGF deprivation compared with NGF-maintained neurons mally exquisitely NGF-dependent for survival, and virtually all wild-type neurons die within 2 days in this para-(see Figure 2B ). Remarkably, however, the Bax Ϫ/Ϫ neurons grew neurites in the absence of NGF ( Figure 3B ). digm. After 2 days, or an even more stringent 6 days, of NGF deprivation, the cultures were exposed to NGFWhen examined by phase contrast microscopy or immunofluorescence with an anti-neurofilament M antibody, containing medium and living neurons counted 9 days later. This paradigm assesses whether the neurons rethe extent of neurite outgrowth from NGF-deprived neurons was similar to that of NGF-maintained neurons after main alive during the period of NGF deprivation and whether they are capable of long-term survival after 1 day (data not shown). Thereafter, neurite outgrowth in the absence of NGF continued but was markedly less addition of NGF. Cultures from the same animal continuously exposed to NGF for 13 days from the time of extensive than in the presence of NGF ( Figures 3A and  3B ). Most importantly, this atrophic appearance was plating were used as control for neuronal survival mediated by NGF. All neuronal numbers are presented norfully reversible when NGF was added to NGF-deprived neurons. After exposure to NGF for 9 days, the soma malized to the mean number of neurons in these control cultures. While all BAX-expressing neurons had died diameter (see Figures 2B and 3D ) and neurite outgrowth ( Figure 3D ) increased dramatically. These experiments within 2 days in the absence of NGF, Bax Ϫ/Ϫ neurons survived NGF deprivation for 2 and 6 days and remained demonstrate that NGF-deprived neurons prevented from dying by Bax deficiency retain a basic functional alive for 9 additional days after NGF was added ( Figure  2A ). Therefore, we conclude that Bax Ϫ/Ϫ neurons do metabolism capable of producing NGF-independent neurite outgrowth and are able to respond to addition not require NGF for survival. Bax ϩ/Ϫ neurons showed no survival after 2 days of NGF deprivation, indicating of NGF with typical trophic responses such as soma hypertrophy and enhanced neurite growth. that even a reduced gene dose of Bax can induce programmed cell death in neurons. However, the Bax gene To examine whether there was a gene dosage effect of Bax on the kinetics of death, we examined sympathetic dose does affect the kinetics of death (see below).
Although all neurons survived, the morphology of neuronal death in a different experimental paradigm, in which the kinetics of many molecular events underlying NGF-deprived Bax Ϫ/Ϫ neurons ( Figure 3B ) differed from that of NGF-maintained neurons ( Figure 3A) . NGFprogrammed cell death have been studied (Deckwerth and Johnson, 1993 Estus et al., 1994 ; Freeman deprived neurons had markedly smaller somas, which , 1994; Greenlund et al., 1995a Greenlund et al., , 1995b . Cultures of As in the more stringent paradigm, NGF deprivation altered the morphology of SCG neurons. Their somas sympathetic neurons from wild-type, Bax ϩ/Ϫ, and Bax Ϫ/Ϫ mice were first established in the presence of NGF atrophied greatly such that the soma diameter was reduced by about 40% after 8 days of NGF withdrawal (see for 7 days before being deprived of NGF. In this paradigm, more than 80% of all wild-type neurons have died Figure 2D ) and the extent of neurite outgrowth appeared diminished (data not shown). As for freshly plated neuafter 35 hr and all by 8 days after NGF deprivation. In striking contrast, Bax Ϫ/Ϫ neurons survived in the rons (see Figure 2B ), the soma atrophy was reversed by readdition of NGF for 8 days (see Figure 2D ). absence of NGF for 23 days, the last time point examined (see Figure 2C ). Bax ϩ/Ϫ neurons died with slower kinet-A gene dosage effect of Bax on neuronal survival would be consistent with the inactivation of Bax being ics than wild-type neurons, such that after 8 days 14% of the Bax ϩ/Ϫ neurons remained viable (see Figure  solely responsible for the observed phenotype. To further ensure that the massive reduction of trophic factor 2C). The retarded kinetics of death of Bax ϩ/Ϫ neurons indicates that the gene dosage of Bax controls the kinetdeprivation-induced death was not an artifact caused by a survival-promoting element introduced by the ics of cell death after trophic factor withdrawal.
Besides assessing viability by phase contrast micros-129SV strain, NGF deprivation-induced death of sympathetic neurons was compared using both paradigms copy and crystal violet staining, viability of NGFdeprived Bax Ϫ/Ϫ neurons was also examined by stainfor 129SV mice, C57BL/6, and 129SV-C57BL/6 mice. Neuronal death was comparable for all strains as long ing with MTT, fluorescein diacetate, and Hoechst 33258 (Deckwerth and Johnson, 1994 ; data not shown). The as both copies of Bax were present (data not shown). Furthermore, we have not observed any Bax-deficient cytoplasm of soma and neurites of NGF-deprived Bax Ϫ/Ϫ neurons stained dark blue with MTT, albeit weaker mouse whose neurons did not show a dramatic reduction of death after trophic factor deprivation. than NGF-maintained neurons, indicating a functional energy metabolism. Neurites and soma showed green fluorescence with fluorescein diacetate, indicating an BAX Is Required for Motor Neuron Death Following Neonatal Axotomy intact plasma membrane and esterase activity. The nuclear chromatin stained homogeneously with Hoechst To determine whether BAX was necessary for neuronal death by trophic factor deprivation in vivo, we used the 33258 and showed the bright patches of heterochromatin characteristic of murine nuclei while lacking any sign paradigm of facial nerve axotomy in which the motor neurons in the facial nucleus are disconnected from of an apoptotic nuclear morphology. the trophic support provided by facial muscles. When from neonatal mice, it was noted that the largest ganglia would usually be later identified as being derived from performed on control Bax ϩ/ϩ P1 mice, this procedure results in the loss of 90% of motor neurons by the sevBax Ϫ/Ϫ animals. Furthermore, the number of trypanblue excluding cells recovered after dissociation was enth postoperative day. The axotomized wild-type mice show loss of motor neurons and subsequent gliosis (Fig- larger for Bax Ϫ/Ϫ ganglia than for Bax expressing ganglia (data not shown). To determine the number of SCG ure 4B) relative to the contralateral unoperated side (Figure 4A) . In striking contrast, in Bax Ϫ/Ϫ mice, 86% of neurons in animals with different Bax gene dosage, pairs of SCGs were dissected, dissociated, and allowed to the facial motor neurons survived nerve transection and there was only a limited glial reaction ( Figures 4C-4F ).
adhere to collagen for 2 hr in the presence of NGF. The The surviving neurons displayed considerable soma atnumber of living neurons was determined after staining rophy ( Figures 4D and 4E) . Bax ϩ/Ϫ mice exhibited a with an anti-tyrosine hydroxylase antibody and the nusimilar loss of motor neurons as Bax ϩ/ϩ mice, at the clear dye Hoechst 33258. Bax Ϫ/Ϫ ganglia yielded 2.5 time points assessed. and 1.8 times more neurons than wild-type and heteroMotor neurons in Bax Ϫ/Ϫ animals survived into adultzygous ganglia, respectively ( Figure 6A ). These data are hood after nerve transection at P1. The facial nucleus consistent with a substantial reduction of naturally ocwas still clearly discernible as a distinct cytoarchiteccurring death of sympathetic neurons during normal detural unit 4 weeks after neonatal axotomy ( Figure 5 ).
velopment. Facial motor neurons remained viable at this time, alWe next asked whether Bax Ϫ/Ϫ mice had an inthough many of them were markedly atrophic. This patcreased number of facial motor neurons following the tern contrasts with that of Bax ϩ/Ϫ and Bax ϩ/ϩ mice, period of developmental death. The contralateral nonaxwhere facial motor neurons degenerated completely otomized facial nucleus was counted in 4-week-old and were replaced with glia. These results demonstrate mice, revealing a 51% increase in neuronal number in that BAX is obligate for the death of facial motor neurons Bax Ϫ/Ϫ mice relative to control Bax ϩ/ϩ mice (Figure following axotomy-induced trophic factor withdrawal. 6B). The Bax Ϫ/Ϫ mice displayed a substantial increase in the number of small-to medium-sized motor neurons, while this population was less prominent in wild-type Developmental Neuronal Death Is Reduced mice. Bax ϩ/Ϫ mice also demonstrated a modest inin Bax Ϫ/Ϫ Mice crease in the total number of facial motor neurons of Since BAX was required for death to occur after trophic ‫,%31ف‬ which just achieved statistical significance. factor deprivation, we sought to determine whether BAX Taken together, these results strongly suggest that norlevels would influence developmental neuronal death, mal developmental death is diminished in sympathetic a process in which trophic factor deprivation appears to play a prominent role. When ganglia were dissected and motor neurons from Bax Ϫ/Ϫ and Bax ϩ/Ϫ mice. and Bad) (prior references and S. J. K. and W. D. S., unpublished data), the apoptotic pathway induced by The rheostat model hypothesizes that the balance between death-promoting and death-repressing members the deprivation of neurotrophic factor is remarkably dependent upon a single member, Bax. The capacity of of the BCL2 family contributes a critical checkpoint that determines whether a cell will execute an apoptotic proBax Ϫ/Ϫ sympathetic neurons to establish in culture even in the absence of NGF is a rigorous test of their gram after receiving a death stimulus (Oltvai et al., 1993; . The results of this study resistance to programmed cell death. Cell death induced by neonatal axotomy of motor neurons was also demonstrate that in mice lacking BAX, sympathetic and motor neurons do not die in the experimental setting of nearly completely prevented for at least 4 weeks by the Figure 6 . Bax Deficiency Suppresses Naturally Occurring Neuronal Death of Sympathetic and Facial Motor Neurons (A) Number of viable sympathetic neurons per SCG after dissociation, plating in the presence of NGF for 2 hr, and identification of living neurons by staining for tyrosine hydroxylase and with Hoechst 33258. The number of viable neurons per wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and Bax-deficient (Ϫ/Ϫ) ganglion is expressed as mean Ϯ SD and was compared for Bax Ϫ/Ϫ ganglia with the number of neurons in wild-type or heterozygous ganglia using the two-sided Student's t test (* p ϭ 0.0003; # p ϭ 0.0015).
(B) Facial motor neuron number in the nucleus contralateral to axotomy of 4-week-old mice with different Bax genotypes. The number of neurons is presented as mean Ϯ SD and was compared for Bax ϩ/Ϫ and Bax Ϫ/Ϫ with the number of neurons in wild-type mice using the Student's t test (# p < 0.04; * p < 0.001; n, number of animals). absence of Bax. This latter finding importantly generalthe signals in some experimental paradigms may be stronger than in developmental deaths. For example, if izes our result, as it constitutes a second cell type dependent upon a different set of neurotrophic factors.
trophic factor deprivation was accompanied by injury that was to induce BAX in Bax ϩ/Ϫ mice, the altered Our results seem to conflict with recent work that noted a weak survival-promoting effect when murine setpoint between pro-and anti-apoptotic Bcl2 family members could further diminish a heterozygous effect. Bax was expressed in a number of trophic factordeprived neurons of a nonmammalian species (chicken) Such an increase in BAX protein has been observed in CNS neurons following ischemic injury (Krajewski et al., (Middleton et al., 1996) . Our loss-of-function experiments argue against a generalization of these results. 1995), providing support for this possibility. While neurotrophic factor-dependent deaths were Since single amino acid substitutions can alter the activity of BCL2 family proteins Sedlak et al., abrogated in Bax Ϫ/Ϫ mice, BAX does not appear to be requisite for all cell deaths. For example, the p53-1995), the overexpression of Bax from another species might result in dominant negative effects or markedly dependent deaths of ␥-irradiated thymocytes are not substantially altered in Bax Ϫ/Ϫ animals (Knudson et alter stoichiometry (Middleton et al., 1996) . Taken together, these results indicate that the consequences of al., 1995). Moreover, when other lineages are quantified, not every cell type reveals hyperplasia in Bax Ϫ/Ϫ mice. altering BCL2 family members can depend upon the context in which they interact (Knudson et al., 1995) .
The existence of many classes of neurons expressing differing subsets of BCL2 family members suggests that the control of cell death may differ with lineage and Bax Deficiency Reduces Developmental stage of development. Thus, while the Bax Ϫ/Ϫ mice Neuronal Death provide the first testable model for the singular imporBax deficiency also leads to a reduction in the extent tance of a death-promoting family member, models exof naturally occurring developmental neuronal death.
amining other death-promoting members such as BAD, This finding demonstrates the developmental signifi-BAK, or BCLx S may prove their critical role in cell deaths cance of the experimental resistance of Bax Ϫ/Ϫ neunot obviously influenced by BAX. rons to neurotrophic factor deprivation. During development at E13-E18 in the mouse, 60% of the spinal motor neurons initially generated undergo programmed cell Bax-Deficient Neurons Demonstrate that Neuronal Survival Does Not Require Anabolic Responses death (Lance-Jones, 1982; Oppenheim, 1991; Houenou et al., 1994) . Motor neuron death during this period can
Induced by Trophic Factors
In addition to promoting survival, neurotrophic factors be greatly ameliorated by the addition of specific motor neuron growth factors such as ciliary neurotrophic facexhibit anabolic effects on neuronal metabolism that ultimately result in morphological changes such as intor, brain-derived neurotrophic factor, and glial cell linederived neurotrophic factor (GDNF), which also rescue creases in soma size and neurite outgrowth. Bax is not involved in mediating these anabolic responses induced motor neurons from axotomy-induced death (Sendtner et al., 1990; Oppenheim et al., 1992 Oppenheim et al., , 1995 by atrophic factors, since NGF induces these changes in morphology in Bax-deficient sympathetic neurons as 1992, 1995; Houenou et al., 1994) . Bax Ϫ/Ϫ mice have a 51% increase in the total number of facial motor neuwell as in wild-type neurons (Figures 2 and 3) . Conversely, the lack of anabolic stimulation upon rons, and it is likely that this increase is due to the inability of motor neurons to complete the normal prowithdrawal of trophic factors leads to atrophy. While this atrophy is apparent in NGF-deprived wild-type symgrammed cell death pathway in the absence of BAX. Likewise, there are more sympathetic neurons in neonapathetic neurons and its onset precedes the loss of viability Johnson, 1993, 1994) , the extal Bax Ϫ/Ϫ SCG than in Bax-expressing ganglia. The increased number of neurons is consistent with a detent of atrophy is much more prominent in neurons deficient in Bax, because atrophy is not terminated by the crease of naturally occurring cell death controlled by NGF, since mouse sympathetic neurons start to respond induction of apoptosis (Figures 2 and 3) . Likewise, Baxdeficient motor neurons that survive neonatal axotomy to NGF with increased survival at E16-E17 (Coughlin and Collins, 1985) . It is conceivable that the increase in exhibit a morphology distinct from axotomized motor neurons that survive following trophic factor administraneuronal numbers may also reflect contributions of NGF-independent processes. For example, it is untion. For example, GDNF administration prevents the considerable atrophy that normally accompanies axotested whether Bax deficiency would at an earlier developmental stage affect the survival of sympathetic neurotomy and precedes death (Oppenheim et al., 1995; Yan et al., 1995) . In contrast, Bax deficiency prevents only blasts dependent on NT-3 or other trophic factors (Birren et al., 1993; DiCicco-Bloom et al., 1993) .
neuronal death but not the neuronal atrophy that is very apparent 1 week post-lesion and progresses during the Neurons heterozygous for Bax ultimately die following experimental neurotrophic factor deprivation ( Figures  following weeks (Figures 4 and 5) . The atrophy of trophic factor-deprived neurons prevented from dying by Bax 2A and 4E). However, the kinetics of death of NGFdeprived Bax ϩ/Ϫ sympathetic neurons was clearly redeficiency illustrates that anabolic responses exerted by trophic factor are not required for neuronal survival. tarded when neuronal cultures established for 7 days in the presence of NGF were studied ( Figure 2C ). Bax
The atrophic morphology noted in the extra motor neurons surviving development illustrates the neuro-ϩ/Ϫ mice also demonstrated slightly enhanced numbers of sympathetic and motor neurons when compared trophic hypothesis of neuronal development. It states that the survival of trophic factor-dependent neurons is with wild-type mice (Figure 6 ). It is conceivable that regulated by limited amounts of target-derived trophic deprivation are arrested at a point where they are still reversible. Therefore, in a neurodegenerative disease or factors (reviewed by Oppenheim, 1991) . With death abolished by Bax deficiency, the coupling between limafter an acute injury, in which BAX is critical in effecting neuronal death, a BAX-specific inhibitor may be neuroited amounts of trophic factor leading to neuronal loss is disrupted. The limiting amount of trophic factors in protective by stabilizing degenerating neurons prior to the onset of irreversible damage. Since neurons retain the invariable target is no longer reflected by diminished neuronal survival but now manifests as atrophy of those the responsiveness to trophic factors and the ability to reverse incurred degenerative changes at this point, supernumerary neurons. Despite the large number of atrophic motor neurons and probably other neuronal treatment with a BAX-specific inhibitor holds the promise of a functional recovery of such salvaged neurons types, no abnormal behavior that might be related to the reduction of developmental neuronal death has been upon exposure to trophic factors or upon elimination of the diverse proximal defects responsible for triggering noted to date in the Bax Ϫ/Ϫ mice. It will be interesting to see whether Bax Ϫ/Ϫ mice manifest an observable neuronal degeneration. phenotype when challenged in settings designed to test the limits or more subtle aspects of neuronal function.
Experimental Procedures

Breeding and Genotyping of Mice with Different Gene Dosages of Bax
Cells Protected by BCL2 Family Members from
Mice heterozygous for Bax (Knudson et al., 1995) were mated to Death Retain Cell Type-Specific Characteristics yield F1 offspring with Bax Ϫ/Ϫ, Bax ϩ/Ϫ, and wild-type genotypes.
Inhibition by BCL2 family members of the progression At the developmental age detailed below, tail DNA was prepared of degeneration toward cell death preserves cells at a and screened for both the normal and the mutant allele using a stage at which they display several seemingly normal rons spontaneously extend neurites even in the absence 5Ј-CCGCTTCCATTGCTCAGCGG-3Ј) and the same intron 5 reverse of NGF, indicating that these salvaged neurons still exprimer, which together generated a 507 bp product. Cycling paramepress a hallmark of the neuronal phenotype, i.e., the ters were 1 min at 94ЊC, 55ЊC, and 72ЊC each for a total of 30-35 elaboration of neurites. Along similar lines, it has been cycles. The primer ratio was adjusted to allow amplification of both products simultaneously with preferential amplification of the wildshown recently that facial motor neurons that survive type allele to assure correct genotyping of the Bax-deficient animals.
axotomy when overexpressing BCL2 retain their electro-
The genotype of some of the litters was also examined by Southern physiological properties (Alberi et al., 1996) . These obhybridization (Knudson et al., 1995). servations extend beyond the nervous system and are parallel to findings in the immune system in which over- , 1994) , and reminiscent of observations in 1 day after birth using a modification of a previously published procedure (Deckwerth and Johnson, 1994) . The genotype was deternematode development in which cells rescued from demined from tail DNA after the cultures had been established. In velopmental cell death by loss-of-function mutations in brief, the two ganglia were dissected, digested with collagenase Ced3 and Ced4 acquire distinct phenotypes (Ellis and and dispase, dissociated by trituration, and plated at 3-5.5 ϫ 10 staining with 1:100 sheep anti-rat tyrosine hydroxylase (TH) antiseantisense riboprobes containing exons 4-6 were prepared from murine Bax cDNA (Oltvai et al., 1993) blasts undergo a developmental switch in trophic dependence. DeEvery F1 offspring from Bax ϩ/Ϫ ϫ Bax ϩ/Ϫ matings was anesthevelopment 119, 597-610. tized on P1 by hypothermia, and its right facial nerve was transected Boise, L.H., Gonzalez-Garcia, M., Postema, C.E., Ding, L., Lindsten, as it exited the stylomastoid foramen. The contralateral side served T., Turka, L.A., Mao, X., Nunez, G., and Thompson, C.B. (1993) . as control for the axotomy and as source of the material for the Bcl-x, a Bcl-2-related gene that functions as a dominant regulator analysis of developmental motor neuron death. Animals were sacriof apoptotic cell death. Cell 74, 597-608. ficed at 1 and 4 weeks after the axotomy with an overdose of sodium Borner, C., Martinou, I., Mattmann, C., Irmler, M., Schaerer, E., Marpentobarbital. Tail samples were taken for genotype analysis and tinou, J.-C., and Tschopp, J. (1994) . The protein Bcl2␣ does not the animals fixed by intracardiac perfusion with 4% PFA. The brains require membrane attachment, but two conserved domains to supwere removed, embedded in parafin, sectioned at 12 m, and press apoptosis. J. Cell Biol. 126, 1059-1068. stained with cresyl violet. Facial motor neurons were readily identified by their appearance, and those with distinct nucleoli counted.
Cheng, E.H.-Y., Levine, B., Boise, L.H., Thompson, C.B., and HardAbout 12 sections were evaluated for each nucleus. The unpaired wick, J.M. (1996) . Bax-independent inhibition of apoptosis by BclStudent's t test was used to compare the mean of surviving motor xL. Nature 379, 554-556. neurons between wild-type control and Bax ϩ/Ϫ and Bax Ϫ/Ϫ anChittenden, T., Harrington, E.A., O'Connor, R., Flemington, C., Lutz, imals.
R.J., Evan, G.I., and Guild, B.C. (1995a). Induction of apoptosis by the Bcl-2 homologue Bak. Nature 374, 733-736.
In Situ Hybridization for Bax mRNA Chittenden, T., Flemmington, S., Houghton, A.B., Ebb, R.G., Gallo, Newborn or P4 wild-type mice were anesthetized by hypothermia G.J., Elangovan, B., Chinnadurai, G., and Lutz, R.J. (1995b). A conand sacrificed by decapitation. To examine Bax expression in the served domain in Bak, distinct from BH1 and BH2, mediates cell neonatal SCG, the heads were fixed in 4% PFA for 24 hr, transferred death and protein binding functions. EMBO J. 14, 5589-5596. to 500 mM sucrose in PBS for 24 hr, and quickly frozen on dry ice Cleary, M.L., and Sklar, J. (1985) . Nucleotide sequence of a t(14;18) in O. C. T. compound (Miles Inc., Elkhart, IN) . Sagittal frozen sections chromosomal breakpoint in follicular lymphoma and demonstration (5 m) were cut and mounted on Superfrost Plus microscope slides of a breakpoint cluster region near a transcriptionally active locus (Fisher Scientific, Pittsburgh, PA). The remainder of the procedure on chromosome 18. Proc. Natl. Acad. Sci. USA 82, 7439-7443. was carried out essentially as described previously (Wanaka et al., Coughlin, M.D., and Collins, M.B. (1985) . Nerve growth factor-1990). To study the expression of Bax in P4 facial motoneurons, the independent development of embryonic mouse sympathetic neubrainstem was dissected and frozen on dry ice. Cryostat sections (20 rons in dissociated cell culture. Dev. Biol. 110, 392-401. m) were cut in transverse planes, thawmounted onto SuperFrost slides, and stored at Ϫ20ЊC. On the day of hybridization slides were Crowley, C., Spencer, S.D., Nishimura, M.C., Chen, K.S., Pitts-Meek, S., Armanini, M.P., Ling, L.H., McMahon, S.B., Shelton, D.L., Levinthawed, fixed for 10 min in 4% PFA, rinsed twice with PBS, and processed as described previously (Wright et al., 1995 
